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CONSTRUCTION OF A LITHIUM VAPOR OVEN FOR ELECTRON CAPTURE
AND MULTIPLE IONIZATION EXPERIMENTS
Oliver Woitke, M. A.
Western Michigan University, 1992
A Li vapor oven, to be used as a source of Li target
atoms in electron capture and multiple ionization experi
ments, was designed and installed in the beamline of the
Van de Graaff accelerator at Western Michigan University.
The oven was tested using two different projectile beams,
protons and He+.

The test results indicate that Li evapo

rated from the oven in the form of a cloud rather than as
a jet spray.

For He+ colliding with Li it was found that

the projectile single-electron loss yield is about three
orders of magnitude larger than the single-electron capture
yield, as expected from the work of other investigators.
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CHAPTER I
INTRODUCTION
Motivation
It

is of

physics,

fundamental

e.g.,

interest

atomic physics,

for many

astrophysics,

fields

of

atmospheric

research, and thermonuclear fusion, to study the capture
and loss of electrons in single collisions.

Light, simple

atoms are especially well-suited for these studies since
they

allow

the

development

and

testing

of

theoretical

predictions and empirical scaling rules which can be used
for more complex collision partners.

Several studies of

collisions involving H and He targets have been published
(see this Chapter), but there are no results for Li targets
involved in electron capture and loss reactions above 1
MeV.
Another subject of fundamental interest is multiple
ionization.

In

recent

years

several

theoretical

and

experimental studies of double ionization of He have been
published.

As

will

be

shown

in

this

Chapter,

double

ionization can be

interpreted semiclassically, i.e.,

terms

which has both

of a model

mechanical features.

classical

and

in

quantum

This interpretation predicts cross

sections for intermediate to high energies and can explain
1
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the fact that the ratios of double-to-single ionization
cross sections have qualitatively different magnitudes for
projectiles

with

opposite

No

mathematical

electrons.

charges,

e.g.,

treatment

electron Li system is yet available.

protons

for

the

and

three-

It is speculated,

however, that triple ionization of Li follows similar laws,
i.e., that it can be interpreted semiclassically (see this
Chapter), also.

Eventually, the vapor oven developed here

will be used in experiments to obtain data which can help
to formulate and test theories of triple ionization.
Collision Processes
Several theoretical and experimental studies of fun
damental collision reactions involving hydrogen and helium
have been published to date (e.g., Tanis, 1987 and 1989).
These

studies

excitation,

have

provided

ionization,

and

us

with

electron

knowledge
capture

about

processes

involving one or more electrons in simple atomic and ionic
systems.

In the case of excitation the incoming particle

hits the target and transfers kinetic energy to it which
causes

an

electron

to

assume

a

higher

to electron

energy

level.

excitation

to the

Ionization

is equivalent

continuum.

Excitation and ionization can occur in either

the target or the projectile.

Ionization of the projectile

is usually called electron loss.
other hand,

Electron capture, on the

is a process where electrons are transferred
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3
from the target to the projectile ion.
the target,

electron loss

Only ionization of

and electron capture will be

considered in this section.
Target Ionization
Both single and double ionization of the target have
been studied for collisions involving hydrogen and helium
as targets.

To derive an expression for the single-ioniza

tion cross section, McDowell and Coleman

(1970)

use the

Bethe approximation and show that

= l^il2 « Zp2x ^ L E = zjx

l n ( - | w 2)
----

E

(1)

±m v2
2

with a{ being the probability amplitude, Zp the charge, E
the impact energy, and v and m the velocity and the mass of
the

projectile,

respectively.

Various

verified this expression for He targets

studies
(e.g.,

have

McGuire,

1982, in which experimental results are compared with the
theory) and Li targets (Shah, Elliott, & Gilbody, 1985).
Double ionization cannot be treated mathematically as
easily as single ionization since it involves two electrons
which are part of a quantum-mechanical system.

Classically

one expects the probability for double ionization to be the
product of the single ionization probabilities for each
electron.

This model

is called the

"two-step" process

(TS) .
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4
Quantum mechanically, however, one has to consider the
interaction between the electrons which can lead to the
removal of the second electron after the first one has been
"kicked off" quickly.

This is the so-called "shake-off"

process

1982) . After removal of the first

(SO)

(McGuire,

electron the original atomic eigenstates of the neutral
atom no longer apply since the ion has different eigen
states.

Thus, an electron which had occupied one of the

atomic energy levels may now be in a state which is not an
energy eigenvalue of the ion, thereby causing the electron
to be "shaken off."
A mathematical treatment of the double ionization of
He atoms has been given by McGuire
small

interaction

potential

between

(1987).
the

Assuming a

electrons,

the

total probability amplitude is given as the sum of the TS
and the SO amplitudes:
3 — &TS + ^SO

Using perturbation theory McGuire (1987) shows that these
two amplitudes are, in first and second order, dependent on
the projectile charge Zp and the impact velocity v,

ara= < - ^ ) 2

- -I

(3)

(«J

If one ignores interference effects, the TS and the SO
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processes can be regarded as independent and the cross
sections

then

are

proportional

to

the

square

of

these

probability amplitudes:
(5)

(6 )
In an earlier paper McGuire (1982) calculated the ratio of
double-to-single
processes.

ionization

For electrons

for both the TS and the SO
in the same shell the single

ionization probabilities are equal, a1 = a2 = a..
For the SO process the probability amplitude is
(7)
so that the ratio is constant, since

(8 )

The product of the wavefunctions of the initial and the
final

states

is

constant,

because

these

states

(which

describe the target before and after the collision) do not
depend on the dynamics of the collision process, i.e., they
are energy independent.
however,

The ratio for the TS process,

exhibits a dependence on the projectile charge

and the impact energy:
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Then for small Zp/v
tion.

-> 0 and SO dominates double ioniza

Double ionization then resembles double photoioniza

tion by high-energy photons

(which can be interpreted in

terms of shake-off for E^oton »
electron), as

McGuire

binding energy of the target

(1984)

pointed

out.

For

lower

energies, such that Zp/v < 1, the projectile spends more
time

interacting

with

the

atom,

and

then

TS

is

more

important.
In the intermediate-energy range the cross term due to
interference 2aSQaTS is significant and leads to a dependence
of the cross section on (Zp/v)3 and the relative phases of
the two processes.

This term can be quite important for

interpreting data obtained for projectiles with different
charges, because it depends on the sign of the projectile
charge.
The process which motivates this project is triple
ionization.

So far, neither experimental nor theoretical

studies of this process have been published.

The basic

idea of interpreting ionization in terms of two-step (or
three-step) and shake-off mechanisms as described above can
be applied for triple ionization, too.

It is not correct,

however, to use exactly the identical formalism since these
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processes are not physically independent of each other.
The amplitudes corresponding to these processes are terms
of first order (shake-off) and second order (two-step) in
Zp/v in a polynomial of order two, derived from expansion
of the product of the evolution operators for each electron
(McGuire, 1987).

For a process involving three electrons

this polynomial is of order three, so that there is a sum
of a double-shake-off (shake-off of two electrons following
the direct removal of the first one)

amplitude of order

one, a three-step amplitude of order three and an amplitude
of order two.

Physically this cross term describes the

combination Of a two-step process and the shake-off of the
third electron.
The mathematical treatment is greatly complicated by
the fact that the electrons are in at least two different
shells

so

that

their

ionization

probabilities

are

not

equal, as was assumed in the case of double ionization.
Projectile Electron Capture And Loss
One-electron capture can be best understood in the
classical

picture

as a two-step process,
originally

the

proposed

so-called

"binary

encounter model"

(1927).

Classically it is possible to distinguish between

"active" and "passive" electrons, the active one

by

Thomas

being the

one which is exchanged from the target to the projectile.
According to Briggs and Taulbjerg

(1979),

electron

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

capture can be
events.

resolved

into two

sequential

scattering

In the first event, the electron is scattered at

an angle of 60° to the direction of the incoming beam, and
assumes the velocity of the projectile.

In the second

event, the electron is captured by the projectile after it
has been scattered from the target nucleus.
It has been shown by Spruch

(1978)

that for proton-

hydrogen scattering

(or for any bare ion impacting on a

one-electron target)

the following relation is valid at

high velocities:
27ji2Z±5Z25 . .
a = ------— — v -11

(10)

z 1+z2

Spruch (1978) has shown that for large quantum numbers, the
dependence on the velocity becomes v"12, which is equivalent
to the classical description given by Thomas (1927).
Since projectile-electron loss is essentially equiva
lent to target ionization,

electron loss can be treated

using the formalism given above for the ionization.
Combined Processes
Electron

capture

frequently

occurs

in

combination

either with ionization, which is called transfer ionization
(TI)

(Tanis,

transfer
result

1989)

excitation

from

either

or with excitation,
(TE)

(Tanis,

1987,

electron-electron

or

which
1989).
from

is called
TE

can

electron-
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nucleus

interactions.

The

former

process

is

called

resonant transfer excitation (RTE) and is equivalent to an
inverse Auger transition.

The latter process is called

non-resonant transfer excitation (NTE) and is expected to
dominate where capture and excitation occur with comparable
probabilities.

Transfer

ionization,

the other combined

process, exhibits a (q/v)2 scaling as reported by McGuire,
Salzborn and Muller

(1987).

In the high-energy limit,

however, the ratio of TI to single capture converges to a
constant value,

since,

with increasing impact velocity,

quantum mechanical shake-off (similar to that for double
ionization) becomes the dominant process for TI.

As in the

case of double ionization at high velocities this ratio is
expected to resemble the ratio of double-to-single photoio
nization.
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CHAPTER II
THEORY
Single-Electron Capture
One-electron capture in H+ + Li collisions is described
by the reaction:
H + + L i - H(nl)

+ L i +(F)

(11)

where H(nl) and Li+(F) are the final states of the resulting
hydrogen atom and the Li ion, respectively.

One has to

consider capture from either the K-shell or the L-shell.
Assuming a Bohr model for the atom,

the active electron is

considered to have a well-defined velocity ve and a total
energy whose absolute value is equal to its kinetic energy.
If the impact velocity vp of the projectile matches ve, the
probability of capture has its maximum value.

Then the

ratio of the energies Ep and Ee of the projectile and the
electron, respectively, is:

with mp/me=1836.

The binding energy for the L-shell of Li

is 5.316 eV and for the K-shell is 67.26 eV (Olson, 1982).
It can then be concluded that the maximum cross section for
L-shell capture occurs at about 9.76 keV/u and the one for
10
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K-shell capture occurs at about 123 keV/u.
this experiment

(1 MeV/u projectiles)

Therefore, for

K-shell capture is

expected to be by far the most important process.
Shah,

Elliott and Gilbody

capture becomes

In fact,

(1985) point out that K-shell

significant

at about

50 keV/u.

It

is

estimated that at about 70 keV the K-shell contribution is
as large as the L-shell contribution.
First-Born Approximation (FBAf
A calculation of the electron-capture cross sections
for the process
tf+ + L i { 2 S ) - H ( n l m ) + L i + ,

(13)

i.e., leaving the ion with two K electrons and the result
ing hydrogen atom being in a definite but arbitrary state,
has been published by Somani and Sil (1983) .
From formal scattering theory

(McDowell

& Coleman,

1970) it is known that the scattering amplitude gfi is:

ff a =

V ib f d n a iW e ^ e ' ^ d r ^

. (14)

with r, and r2 being the coordinates of the Li valence
electron with respect to Li+ and the proton, respectively.
Somani and Sil (1983) assume the following relations:

„

_

(6 W + 2 ) (A f+ 1 )
t¥ T 5

< l5 )
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(16)

P = Jce- (

6M+2
6M+3

(17)

where k. and kf are the relative momenta in center-of-masscoordinates in the initial and final states and M is the
nucleon mass.

The interaction potential V { contains terms

for the interaction of the projectile with: the 2s-electron
(-l/r2) , the Li nucleus (l/r12) and the Li Is2 core (-Vc) ,
namely:
(18)
with

r12 being the distance between the proton and the

lithium nucleus.

Vc is assumed to be
(19)

5 = 5.4

(20 )

The initial and the final wavefunctions are taken to be the
2s state of lithium and the nlm state of hydrogen, respec
tively, i.e.,

♦initial

= 0.65,

= A ^ e - ^ + D e '^

= 2.7, A = 0.1125, D = -0.42204

(2 1 )

(22)
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= U n lm X R n l^x Y lm ^z )

(23)

The evaluation of this integral is quite a tedious proce
dure; the final results for the different shells of the
hydrogen atom are graphed in Figure 1.
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Cross Sections in the FBA for Electron
Capture from the L- Shell of the Li Atom
Into Five Different Excited States of the
H Atom (Somani and Sil, 1983).
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Continuum-Distorted-Wave Method
The continuum-distorted-wave-method

(CDW)

was

first

applied by Chesire (1964) and Salin (1970) who used it to
calculate

cross

sections

for

H+ +

H

collisions.

The

application of the CDW method to the capture process
H* + L i - H ( n l )

(24)

+ L i * (F)

is due to Banyard and Shirtcliffe (1979) who studied this
reaction in the range from 2 00 kev to 10 MeV.
For this approach it is important to note that the
resulting Li ion can assume one of three atomic configura
tions (depending on the electronic spins) which are shown
in Figure 2. In spectroscopic notation the states are (from
top to bottom) :
the

principal

11S, 21S and 23S, where the first number is
quantum

number

of

the

highest

remaining

electron, the superscript is 2*s+l (s is the total spin of
the electronic configuration) and the letter describes the
orbital

angular

momentum,

which

is

zero

in

all

cases

because the Li orbitals are spherically symmetric. As can
be seen in Figure 2, 21S and 23S describe capture from the
K-shell, whereas 11S describes capture from the L-shell.
From scattering theory (McDowell & Coleman, 1970) it
is

known

that

the

cross

section

in

atomic

units

for

electron capture is:
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Figure 2.

Final States for H+ + Li — > H + Li+
Collisions.

a{nl,F)

= 2 f " \ a n l i F (b) \2b d b ,
Jo

(25)

with b being the impact parameter, anl F is the transition
amplitude and
products.

(nl,F)

is the final state of the capture

The effective charges used in the calculation

are Zeff=1.26 for F=11S, Zeff=2.208 for F=21S and Zeff=2.177 for
F=23S. The total cross section for capture into all states
(nl) of the hydrogen atom is the sum of the cross sections
for capture resulting in each of the three configurations:
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a = a (l1^) +o (2x5) +o (235)

(26)

The calculated capture cross sections are shown in Figure
3.
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Cross Sections in the CDW for Electron
Capture from the K- and L-Shell of Li
for the Three Configurations Shown in
Figure 2 (Banyard and Shirtcliffe, 1979).
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Since this model describes a many-electron problem it
is not exact in the sense that it does not use accurate
wavefunctions as in the case of the FBA.

In addition to

this, it does not contain an explicit expression for the
interaction

between

passive electrons;
integral.

the
this

active

and

the

two

remaining

is only included as an overlap

However, as Banyard and Shirtcliffe (1979) point

out, this should account for only a 2% increase compared
with the use of a correlation expression.
The results of both theories are close; for L-shell
capture the FBA prediction is in general about 50% smaller
than the CDW prediction.

Furthermore,

it is noted that

only about 5% of the capture cross section at 1 MeV/u is
due to L-shell capture

(Figure 3) , so that Li cannot be

treated as hydrogenlike at these impact energies.
Single-Electron Loss
In the case of a He+ projectile colliding with a Li
target, single ionization of the projectile, referred to as
single-electron loss, can occur;
H e * + L i - H e 2* + L i + e~

(27)

A discussion of a general formalism describing projectile
single-electron loss has been given by Knudsen, Andersen,
Haugen and Hvelplund (1982)

for target atoms with atomic

number Z2 and one-electron projectile ions with velocity v
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and atomic number Zr
qualitative

classical

The formalism is based on Bohr's
calculations

(1948).

called free-collision approximation,
the

projectile

nucleus

and

the

In the

so-

the binding between

projectile

electron

is

neglected and the electron is assumed to be moving freely
with

velocity

v.

The

single-electron

loss

process

is

therefore equivalent to the scattering of a free electron
accompanied by an additional energy transfer equal to the
ionization potential

of the projectile

ion.

For light

targets, Bohr found the expression

oJOSS = 4*a02(-^)2

v

zl

,

(28)

where a0 = 0.53*10'1° m (Bohr radius)
v0 = 2.2*1Q6 m/s (Bohr velocity)
The term proportional to Z2 is due to inelastic collisions
with the target electrons, whereas the term proportional to
Z22 is due to elastic collisions with the target nucleus.
Although

Knudsen

et

al.

(1982)

have

shown

that

this

prediction overestimates the actual cross sections for He+
+ He collisions by about 25%, the Bohr theory does give the
correct order of magnitude.
Estimated Density of Evaporated Lithium
In order to be able to estimate the amount of Li being
evaporated

from the

oven,

the throughput

in

atoms

per
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second needs to be calculated.

Since Li vapor has a low

pressure and a high temperature, the ideal gas approxima
tion can be used to determine the particle density in m'3
inside the oven:
n = —j f 2

(29)

with k = 1.38*10'23 J/°K
T = temperature in Kelvin inside the oven
p = pressure in Torr
Then

the

mean

free

path

of

the

atoms

is

(Halliday

&

Resnick, 1970):
L = -=---- — --y/2-nnb2
133p/2x62

(30)

with S = 3.13*10"10 m (diameter of the Li atom).
The oven was operated between 600°C and 700°C corre
sponding to a vapor pressure in the range of 0.05 Torr 0.4 Torr and a mean free path between 4.16 mm and 0.58 mm.
Since this is of the order of the radius of the nozzle
(r=2.38 mm), the Li vapor can be assumed to exhibit the
properties of molecular flow.

For this case the throughput

in atoms/s is given by Moore et al. (1989):

Q = (— ^ - ) 1/2x2.16xl021x - ^ P
295M

1

(31)

with M = 6.941 au (atomic mass of Li)
d = 4.76*10'1 cm (inner diameter of the nozzle)
1 = 3.18 cm (length of the nozzle)
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T = temperature in °K of the oven
p = vapor pressure in Torr inside the oven
The vapor pressure can be obtained from Figure 4 (Gray,
1957).

The dependence of the throughput

(in atoms/s) on

the temperature T (in °C) is shown in Figure 5.
Another quantity of interest is the particle density
of the Li vapor jet at the position of the projectile beam.
In order to obtain this parameter,

the root mean square

velocity of the evaporated Li atoms must be calculated.
Since the thermal energy z/ 2 kT is equal to the kinetic
energy ^mv2 of the free particles, the velocity is:

v =J USI
\| m

(32)

Assuming vertical motion for the Li atoms, the throughput
in atoms/m can be calculated by dividing the throughput in
atoms/s by the velocity in m/s.

The target thickness is

then obtained by dividing the throughput the by assumed
width of the Li jet spray.

The dependence of the target

thickness on the temperature for a beam width of 1 cm is
graphed in Figure 6.
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CHAPTER III
EXPERIMENT
Experimental Setup
This

experiment was

conducted

at

Western Michigan

University using the 6 MV Tandem Van de Graaff accelerator.
A schematic of the setup is shown in Figure 7.

A beam

composed of protons or He+ was accelerated and directed
through the scattering chamber where it collided with Li
atoms evaporated from the vapor oven.

The temperature of

the oven was measured at the top plate of the oven cell
assembly using a thermocouple and a digital display.
After being

separated by an analyzing magnet,

the

reaction products were detected by surface-barrier detec
tors

(capture

and

loss

components)

and

a

Faraday

cup

(unchanged charge component). For the testing of the first
and the second designs (see below), a proton beam was used
for single-electron capture measurements.

The number of H

atoms were counted by a surface-barrier detector and the
protons were collected by the Faraday cup.

The charge in

the cup was measured by a Keithley electrometer which, for
a

100 pA (half scale) input, provided a 1 V output.

This

voltage output results in a current of 10'6 A through a 1 MR
resistor.

An Ortec digital current integrator (DCI 439)
24
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Figure 7.

Schematic of the Setup for Single-Electron
Capture And Loss Measurements.

then transforms 10‘8 C into one pulse.

Accordingly, this

setup generates one pulse for 10"12 C in the Faraday cup.
Since only singly-charged particles are collected, it can
be concluded that 10'12 C/ (1.602*10‘19 C) = 6.242*106 parti
cles account for one pulse.

For the testing of the third

design a He+ beam was used in order to be able to measure
both single-electron capture and single-electron loss.

In

the case of the He+ beam, the He+ current was measured in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

the

Faraday

cup

and He0 and Hez+ were

surface-barrier detectors.

detected

in the

Since the loss cross sections

are about three orders of magnitude larger than the capture
cross sections

(Atan,

Steckelmacher,

& Lucas,

1991),

a

much less intense beam was used in order not to overload
the surface-barrier detector.

Therefore, for some runs a

full-scale current setting of 20 pA or 2 pA instead of 200
pA was used on the Keithley electrometer.
Experimental Procedure
The goal of this experiment was to test the Li vapor
oven and to determine whether it evaporates enough Li atoms
to be used in electron-capture, electron-loss and multipleionization experiments.

Thus, it is necessary to distin

guish between Li being evaporated and other materials which
could be in the oven,
gas,

etc.

Most

e.g.,

oil,

oxides,

of these materials

have

dirt, beamline
lower boiling

points than Li so that they evaporate first.

For this

reason we recorded a yield vs. time curve which is expected
to converge to a nearly constant value after all materials
except the Li are boiled off.
Now, the cross section is proportional to the frac
tional yield of the H (or He0, He2+) atoms:
o « No'

H a tom s p r o d u c e d
No. o f i n c id e n t p r o to n s

,33.

In order to optimize the design and obtain maximum Li vapor
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output

from

the

oven,

various

tested in the beam line.

constructions

have

been

Each construction design and its

performance will be discussed.
First Design
The original setup was designed by Mr. Corey A. Leon
as part of an Undergraduate Honors College Thesis project
at Western Michigan University.

It featured three main

parts as shown in Figure 8: the oven cell with the heater
wire and the nozzle, the heat shielding, and the collision
chamber.

Not shown in this Figure is the thermocouple,

which was used to monitor the temperature of the oven,
attached to the top plate of the oven cell.

The lithium (a

piece of wire of 1/8" diameter and length 2") was loaded
through a hole in the bottom of the oven.
In the first test the oven was run for about three
hours and heated to 563°C using a 110 V VARIAC.

The yield

vs. time diagram (Figure 9) for a H+ beam shows three peaks
at about 10 min, 25 min and 40 min corresponding to 200°C,
390°C and 430°C (Figure 10), respectively.

These peaks are

probably due to the oil the lithium wire was stored in.
The

yield

decreased

steadily

over

the

next

two

hours

without showing any sign of other materials being evaporat
ed.

Following the measurement, the oven was opened and it

was found that almost all the Li was still inside the oven
cell.

It is speculated that the reason for this was that
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Original Design of the Vapor
Oven.
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the diameter of the nozzle was too small (so that it plugs
easily)

and that the

pressure

(Figure 4)

was

not high

enough to cause a significant portion of the Li to evapo
rate

through

the

nozzle.

To

overcome

the

problem

of

insufficient heating, the VARIAC was changed to allow an
output of 140 V which increased the maximum temperature to
648°C after three hours.

At about 130 min a single peak

appeared in the yield vs. time diagram (Figure 11).

This

corresponds to about 620°C (Figure 12) , which is well above
the boiling points of the expected contaminations like oil,
etc. An examination of the recorded data showed that an
abrupt drop of the beam current by about 50% within one
minute

coincides

with

this

peak.

Therefore,

it can

be

assumed that this peak has no relevance for our experiment.
As in the first run, the nozzle was plugged and no Li was
found in the collision region.
The fact that the nozzle was plugged in both runs led
us to the conclusion that the upper part of the oven cell
was not sufficiently heated, so that Li vapor coming from
the bottom of the oven cell condensed inside the nozzle and
prevented the vapor from reaching the collision chamber. If
this happens

in the early

stages

of the experiment

it

explains why even at temperatures over 570°C (which Shah et
al.,

1985, used as the operating temperature)

no Li was

observed. Another reason for the poor performance of this
construction is probably the rather long distance between
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the

end of the

nozzle and the collision chamber which

allows the vapor to spread out in all directions so that
only a small fraction is available for H+ + Li collisions.
Second Design
In this design (Figure 13) the oven cell was suspended
from the aluminum block rather than sitting on the bottom
of the heat shield.

This brought the nozzle closer to the

collision

In

region.

insufficient

heating,

order

the

to

solve

the

115 W heater wire

problem
was

of

wound

around the nozzle and another wire (700 W) was wound around
the body part of the oven cell.

Without using maximum

power, this construction can easily be heated to 700°C.

The

yield vs. time diagram (Figure 14) now shows a much richer
structure, much of which is associated with changes in the
applied power.

However, the yield vs. temperature diagram

(Figure 15) exhibits the same general behavior as the ones
for the first two runs (Figures 10 and 12).

(The main peak

was not reproduced at exactly the same temperature because
the thermocouple was not permanently fixed so that

its

position varied from one run to the next.)
It was found again that Li still remained inside the
oven cell (mainly under the top plate) although the nozzle
was not plugged this time.

This supports the conclusion

that, although the oven was hot enough so that Li did not
condense inside the nozzle, the diameter of the nozzle was
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Figure 13.

Second Design of the Vapor Oven.
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34
too small, thereby allowing only a small fraction of the Li
to evaporate into the collision region.
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Fractional Yield of SingleElectron Capture vs. Time for
the H+ Beam.
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Fractional Yield of SingleElectron Capture vs.
Temperature for the H+ Beam.
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The annotations in Figure 14 show where changes in the
power supplies (i.e., VARIAC settings) for the heater wires
at the nozzle and the body of the oven occurred:
A: nozzle 91 V
B: main heater 61 V
C: main heater 70 V
D: nozzle 105 V
Third Design
In

order

to

overcome

the

difficulties

with

the

previous two designs, two changes were made:
1. The original nozzle (diameter 0.035") was replaced
by a bigger one with diameter 0.188".

Since the throughput

is proportional to the third power of the diameter (Chapter
II), an increase in the throughput by a factor of 150 is
expected.
2. In addition, a segment of the 115 W heater wire was
attached to the top plate of the oven cell in the form of
a spiral in order to prevent Li from condensing there.
Figure

16

shows the

fractional

yield

for H+ +

Li

single-electron capture as a function of time (the annota
tions show the changes in the power supplies (i.e., VARIAC
settings) for the heater wires at the nozzle and the body
of the oven:
A: nozzle 90 V
B: main heater 40 V
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C: main heater 50 V
D: main heater 60 V
E: main heater 70 V
F: nozzle 105 V
G: power off).
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Figure 16. Fractional Yield of SingleElectron Capture vs. Time for
the H+ Beam.

It can be seen that the fractional yield from 100 min
to 120 min decreased steadily without peaks, increased due
to an increase in the power supply and then decreased after
135 min when the power was finally shut down.

The steady

decrease and the absence of any spikes indicate that most
of the material was boiled off during the first 100 min.
There is, however, no conclusive verification for the
evaporation of Li since it is obvious that the yield is
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still dominated by statistical noise and the influence from
other sources with larger cross sections, e.g., oil, dirt,
etc.
In an attempt to more clearly distinguish between Li
vapor and other effects, a He+ beam was used instead of a
proton beam in subsequent runs.
not

only

is

single-electron

single-electron

loss

can

When He+ collides with Li

capture

occur.

In

possible
fact,

but

from

also
other

experiments (e.g. Atan, Steckelmacher & Lucas, 1990) it is
known that the loss cross sections are about a factor of
1000 larger than the capture cross sections, so that loss
should be more easily observed.

Also, similar shapes for

the capture and the loss yields after the outgassing period
would verify the existence of Li.
The He+ beam was run twice without opening the oven in
order not to contaminate it.

The function of the first run

was mainly to outgas the system so that we could be sure to
have only Li remaining.
The second run clearly established the existence of
Li.

In Figures 17 and 18 a sharp increase in the capture

and loss yields after about 270 min can be seen (the anno
tations denote the voltages, i.e. VARIAC settings, applied
at the nozzle heater wire and at the body of the oven:
A: nozzle 90 V
B: main heater 50 V
C: main heater 70 V
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D: main heater 90 V
E: opening and closing of the shutter (300 - 330 min)
F: power off.
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Figure 17. Fractional Yield of SingleElectron Capture vs. Time for
the He+ Beam.
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Figure 18. Fractional Yield of SingleElectron Loss vs. Time for the
He+ Beam.
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The three dips at approximately 40 min,

110 min and

130 min are due to beam tuning and have no relevance for
the present fractional yield measurements.) ; Figures 19 and
20 show that this occurs at a temperature of about 540°C,
which is near the temperature expected (Shah et al. used
570 °C as the operating temperature)

for this increase.

Furthermore, the "wiggles" in Figures 17 and 18 between 300
min and 330 min and the abrupt decrease at 335 min coincide
with the

opening

and closing

of a shutter between

the

nozzle and the collision region and with the final shutdown
of the power supply, respectively. From Figures 17 and 18
the ratio of single-electron capture to single-electron
loss can be calculated.

This ratio

(with the background

subtracted) is Ycapture/Yloss = 1.1*10'5 /4.5*10'3 = 1/409.
After the oven was opened it was found that no Li was
left inside the oven cell and that almost everything was
covered with a Li coating.

This,

and the fact that the

opening and closing of the shutter did not have as great an
effect as was hoped, indicates that the vapor leaves the
nozzle in form of a low pressure cloud rather than in form
of a well-defined, high-pressure jet stream.
Since
measurable

this

last

amount

of

run

established,

Li was

evaporated

in

fact,

from the

that

a

oven,

future efforts will be directed at improving the design, so
that it can be used in single electron capture and loss
experiments.
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Figure 19.

Fractional Yield of SingleElectron Capture vs.
Temperature for the He+ Beam.
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Fractional Yield of SingleElectron Loss vs. Temperature
for the He+ Beam.
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CHAPTER IV
CONCLUSION
The results of various test runs obtained with a Li vapor
oven as a target source for collision reactions have been
given.

It was established that the oven evaporates measur

able Li vapor into the collision region.

This was shown by

measuring single-electron capture and single-electron loss
yields

for He+ projectiles.

capture and

loss yields

The ratio of the measured

(see Chapter

III)

was

in good

agreement with already known values (Atan et al., 1991).
In the first two designs of the oven, the nozzle of
the oven from which the Li evaporated was too small so that
only a small fraction of the vapor reached the collision
region.

The major disadvantage of the final design is that

it is apparently difficult to direct Li with a sufficient
density

towards

the

projectile

beam

because

the

vapor

leaves the oven cell in the form of a low-pressure cloud.
The reason for this is mainly that the diameter of the
nozzle in this design is too big, thus preventing the vapor
from forming a jet stream.

In future designs a compromise

between the sizes of the nozzles in the three designs has
to be found.

Another reason for Li not

forming a jet

stream is that it may not stick on the walls inside the
41
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collision region after first contact so that it can bounce
back and disturb the jet coining out of the oven.

This

problem can be avoided by cooling the aluminum block with
liquid nitrogen.
The heating presented another problem.

It turned out

that it is most important to heat the top plate of the oven
cell in order to prevent Li vapor from condensing there
before reaching the nozzle.

The nozzle has to be kept at

a higher temperature than the main part of the oven cell to
guarantee a free flow through it.

The first testings have

shown that even at temperatures over 600°C, which should be
sufficient for vaporization (Shah et al., 1985), the nozzle
can be plugged, thereby sealing the oven cell.

It was also

found that Li condensed at the aperture between the end of
the nozzle and the collision region.

To avoid that, the

aperture should also be heated.
After most of the runs, melted Li was found on the
plate sealing the hole in the bottom of the oven cell.
This indicates that the temperature distribution is not
uniform, i.e., the bottom of the oven was not sufficiently
heated.

Since it is difficult to tightly wrap a single

wire around all critical spots of the oven and the use of
several wires complicates the construction of the whole
system,

it should be considered to build the oven of a

different material with a higher thermal conductivity to
produce a more uniform temperature distribution.

Also, to
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obtain a reliable and representative temperature measure
ment it is necessary to have more than one thermocouple
attached to different spots.
Eventually,
ionization

the

Li

measurements;

oven

will

therefore

be

used

for

a device

triple

capable

of

measuring cross sections for different target ion charge
states should be integrated into the setup.

A recoil-ion

detector can measure the singly-, doubly- or triply-charged
Li

ions

while

surface-barrier

detectors

projectiles losing or gaining electrons.

measure

the

Using time-of-

flight techniques, multiple ionization cross sections can
be determined with such a setup.
Two

features to make the testing easier should be

added in future designs.

The first is a shutter which

completely seals the oven, so that no Li can drift around
it.

The second feature is a gas leak which would permit

the introduction of He, for which capture and loss cross
sections

are

already known,

into the

collision

region.

This would enable us to test the efficiency of the detec
tion

setup without

risking the destruction

of delicate

instruments like the recoil-ion detector.
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